Ultraviolet (UV) B causes oxidative stress, which has been implicated in carcinogenesis. We determined if the sensitivity of keratinocytes to UVB-induced oxidative stress is dependent on their differentiation state. In primary cultures of undifferentiated and differentiated mouse keratinocytes, UVB (25 mJ/cm 2 ) stimulated production of reactive oxygen intermediates. This was associated with increased messenger RNA (mRNA) expression of the antioxidant enzymes glutathione peroxidase, heme oxygenase-1 (HO-1) and the glutathione S-transferase (GST), GSTA1-2. The effects of UVB on GSTA1-2 were greater in undifferentiated when compared with differentiated cells. UVB also induced GSTM1, but only in undifferentiated cells. In contrast, UVB reduced expression of manganese superoxide dismutase, metallothionein-2, GSTA3 and microsomal glutathione S-transferase (mGST)3 in both cell types, whereas it had no major effects on catalase, copper-zinc superoxide dismutase, GSTP1, mGST1 or mGST2. Of note, levels of GSTA4 mRNA were 4-to 5-fold greater in differentiated relative to undifferentiated cells. Moreover, whereas GSTA4 was induced by UVB in undifferentiated cells, it was inhibited in differentiated cells. UVB activated p38 and c-jun Nterminal kinase mitogen-activated protein (MAP) kinases in both undifferentiated and differentiated keratinocytes. Whereas inhibition of these kinases blocked UVB-induced HO-1 in both cell types, GSTA1-2 and GST-4 were only suppressed in undifferentiated cells. In differentiated keratinocytes, p38 inhibition also suppressed GSTA1-2. In contrast, MAP kinase inhibition had no major effects on UVB-induced suppression of GSTA4 in differentiated cells. These data indicate that UVB-induced alterations in antioxidant expression are differentiation dependent. Moreover, MAP kinases are critical regulators of this response. Alterations in antioxidants are likely to be important mechanisms for protecting the skin from UVB-induced oxidative stress.
Introduction
Exposure to ultraviolet (UV) light from sunlight is a major cause of skin cancer (1) (2) (3) . The higher energy wavelengths of the UVB spectrum (290-320 nm) are considered to be 'complete carcinogens', acting both as tumor initiators and tumor promoters (4) . In the skin, UVB light is known to induce oxidative stress by generating reactive oxygen intermediates (ROIs) including superoxide anion, hydrogen peroxide and hydroxyl radicals, each of which is important in the pathogenesis of UVB light-induced carcinogenesis (5) . These oxidants induce DNA damage leading to mutations (6) . ROI can also oxidize proteins and induce lipid peroxidation, resulting in inappropriate or altered cellular signal transduction and aberrant proliferation (7, 8) .
Key to limiting oxidative stress and preventing UVB-induced damage to the skin is removal or detoxification of ROI. This is accomplished in large part by antioxidant enzymes (9) . A number of enzymes have been identified that are involved in this process including the ROI scavengers, superoxide dismutase (SOD), catalase and glutathione peroxidase (GPx), heme oxygenase-1 (HO-1) and metallothionein-2 (MT-2) as well as the glutathione S-transferases (GSTs). UVB-induced oxidative stress has been reported to be associated with transient decreases in SOD, catalase and GPx activity in mouse skin (10) . Reduced expression of SOD and catalase activity has also been described in human keratinocytes treated with UVB in vitro (11) . In contrast, in human skin, a solar simulator that generates UVB was found to induce messenger RNA (mRNA) for GPx and the GST GSTP1 (12) . Although the mouse skin model has been used extensively to investigate mechanisms of UVB-induced oxidative stress, inflammation and carcinogenesis, little is known about the expression of antioxidant enzymes in the tissue and their responses to UVB. In the present studies, we characterized the effects of UVB on expression of antioxidant enzymes in primary cultures of mouse keratinocytes. Since increased oxidative DNA and protein damage as well as lipid peroxidation occurs in suprabasal layers of the epidermis of mouse and human skin in response to UVB (13, 14) , we used cultures of undifferentiated and differentiated keratinocytes. We found that the keratinocytes were highly responsive to UVB-induced oxidative stress; however, the response was dependent on their differentiation state. Alterations in antioxidant enzyme expression in keratinocytes are likely to be important in controlling oxidative stress in the different layers of the epidermis in response to UVB.
Materials and methods

Chemicals and reagents
Rabbit polyclonal antibody to HO-1 was purchased from Assay Designs (Ann Arbor, MI) and rabbit polyclonal anti-catalase was from Abcam (Cambridge, MA). Rabbit polyclonal antibodies to p38, phospho-p38, c-jun N-terminal kinase (JNK), phospho-JNK, extracellular signal-regulated kinase (ERK) 1/2 and phospho-ERK 1/2 were from Cell Signaling Technology (Beverly, MA), and rabbit anti-keratin 1, keratin 10 and filaggrin from Covance Research Products (Berkley, CA). Goat polyclonal anti-cyclooxygenase-2 (COX-2), rabbit polyclonal anti-copper-zinc superoxide dismutase (Cu, Zn-SOD), rabbit polyclonal anti-a-tubulin and donkey anti-goat secondary antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). Horseradish peroxidase-labeled goat anti-rabbit secondary antibodies, detergentcompatible protein assay reagents and the Silver Stain Plus kit were obtained from Bio-Rad Laboratories (Hercules, CA). The Western Lightning enhanced chemiluminescence kit was from PerkinElmer Life Sciences (Boston, MA). M-MLV Reverse Transcriptase was from Promega (Madison, WI). SYBR Green Master Mix and other polymerase chain reaction (PCR) reagents were purchased from Applied Biosystems (Foster City, CA). Cell culture reagents and 2#, 7#-dicholorofluorescein-diacetate were obtained from Invitrogen Corp. (Carlsbad, CA). Collagen IV was purchased from BD Biosciences (San Diego, CA). SP600125 was from Calbiochem (La Jolla, CA) and SB203580, protease inhibitor cocktail and all other chemicals from Sigma (St Louis, MO).
Cells
Primary mouse keratinocytes were isolated from the skin of C57Bl/6J newborn mice and cultured following the procedure described by Hager et al. (15) . For experiments, cells grown in six-well collagen IV-coated plates were placed in serum-free low-calcium (0.05 mM) keratinocyte growth medium to maintain the cells in an undifferentiated state. Differentiation was induced by the addition of calcium (0.15 mM) to the medium (16) and was confirmed by the morphological changes and expression of differentiation markers including keratin 1, keratin 10 and filaggrin in control and UVB-treated cells, as analyzed by western blotting (described as follows) ( Figure 3A) . Expression of these markers was not altered following UVB treatment. In some experiments, primary keratinocytes from the Yale University Cell Culture Facility (New Haven, CT) were used.
UVB and inhibitor treatments UVB was generated from a bank of two Westinghouse FS40BL bulbs calibrated using an International IL-1700 UV-radiometer. As previously reported, the spectrum of the bulbs was described by the manufacturer as $85% UVB (290-320 nm), 1% UVA (320-400 nm) and ,1% UVC (,290 nm) with the remainder composed of visible light (17) . Cells were grown to 90% confluence and exposed to UVB (2.5-25 mJ/cm 2 ) in phosphate-buffered saline as described previously (18) . Following UVB treatment, the phosphate-buffered saline was removed and the cells were refed with keratinocyte growth medium containing low (0.05 mM) or high (0.15 mM) calcium. In some experiments, the p38 mitogen-activated protein (MAP) kinase inhibitor SB203580 (10 lM) (19) , the JNK inhibitor SP600125 (20 lM) (20) or dimethyl sulfoxide control were added to the medium and the cells incubated at 37°C for 3 h prior to UVB treatment. We have found that higher doses of UVB (.50 mJ/cm 2 ) are cytotoxic to the keratinocytes. Intact skin or other cell types (e.g. human keratinocytes) can be exposed to higher doses of UVB, possibly due to a greater content of antioxidants (21) .
Western blotting
Western blotting was performed as described previously (22) . Briefly, cell lysates were prepared using sodium dodecyl sulfate lysis buffer (10 mM Tris base and 1% sodium dodecyl sulfate, pH 7.6, supplemented with a protease inhibitor cocktail consisting of 4-(2-aminoethyl)benzenesulfonyl fluoride, aprotinin, bestatin hydrochloride, N-(trans-epoxysuccinyl)-L-leucine 4-guanidinobutylamide, ethylenediaminetetraacetic acid and leupeptin). Proteins (20 lg) from lysates were separated on 10% sodium dodecyl sulfate-polyacrylamide gels and then transferred to nitrocellulose membranes. After incubating the membranes in blocking buffer (5% dry milk Tris-buffered saline with 0.1% Tween 20), the membranes were incubated for 1-2 h at room temperature or overnight at 4°C with primary antibodies followed by horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. Protein expression was visualized using enhanced chemiluminescence reagents. Loading of equal amounts of protein on the gels was confirmed by silver staining.
Oxidative metabolism Intracellular hydrogen peroxide production was measured using 2#, 7#-dicholorofluorescein-diacetate and flow cytometry as described previously (23) . Briefly, the cells were incubated with 2#, 7#-dicholorofluorescein-diacetate (5 lM) in phosphate-buffered saline for 15 min, exposed to UVB (25 mJ/ cm 2 ) and then immediately analyzed on a Beckman Coulter Cytomics FC 500 flow cytometer equipped with a 488 nm argon laser and CXP software.
Real-time PCR RNA was isolated from the cells using TRI Reagent (Sigma) following the protocol provided by the manufacturer. RNA was converted to cDNA using M-MLV Reverse Transcriptase. The cDNA was diluted 1:10 in RNase-DNasefree water for PCR analysis. For each gene, a standard curve was generated from serial dilutions of cDNA from the samples. All values were normalized to b-actin (n 5 3-6, ±SE). The undifferentiated control was assigned a value of one and all other samples were calculated relative to this control. Real-time PCR was performed on an ABI Prism 7900 Sequence Detection System using 96-well optical reaction plates. SYBR Green was used for detection of the fluorescent signal and the standard curve method was used for relative quantitative analysis. The primer sequences for the genes were generated using Primer Express software (Applied Biosystems) and the oligonucleotides were synthesized by Integrated DNA Technologies (Coralville, IA). The forward and reverse (5# and 3#) primer sequences were as follows: b-actin, TCACCCA-CACTGTGCCCATCTACGA and GGATGCCACAGGATTCCATACCCA; catalase, ACCAGGGCATCAAAAACTTG and GCCCTGAAGCTTTTT-GTCAG; COX-2, CATTCTTTGCCCAGCACTTCAC and GACCAGGC-ACCAGACCAAAGAC; GSTA1-2, CAGAGTCCGGAAGATTTGGA and CAAGGCAGTCTTGGCTTCTC; GSTA3, GCAAGCCTTGCCAAGATCAA and GGCAGGGAAGTAACGGTTCC; GSTA4, CCCTTGGTTGAAATC-GATGG and GAGGATGGCCCTGGTCTGT; GSTM1, CCTACATGAAGAG-TAGCCGCTACAT and TAGTGAGTGCCCGTGTAGCAA; GSTP1, CCTTG-GCCGCTCTTTGG and GGCCTTCACGTAGTCATTCTTACC; GPx-1, GGTTCGAGCCCAATTTTACA and TCGATGTCGATGGTACGAAA; HO-1, CCTCACTGGCAGGAAATCATC and CCTCGTGGAGACGCTTTACA-TA; interleukin (IL)-1b, CCAAAAGATGAAGGGCTGCT and TCATCTG-GACAGCCCAGGTC; IL-6, ATGAAGTTCCTCTCTGCAAGAGACT and CACTAGGTTTGCCGAGTAGATCTC; IL-10, GTTGCCAAGCCTTATCG-GAA and CCAGGGAATTCAAATGCTCCT; MT-2, TGCAGGAAGTA-CATTTGCATTGTT and TTTTCTTGCAGGAAGTACATTTGC; microsomal glutathione S-transferase (mGST)1, GCTTTGGCAAGGGAGAGAATG and CCTTCTCGTCAGTGCGAACA; mGST2, TGCAGCCTGTCTGGGTCTC and CAGAAATACTTGTGACGGGCG; mGST3, GGAGGTGTACCCTCCC-TTCC and TGGTAAACACCTCCCACCGT; Cu,Zn-SOD, ACCAGTGCAG-GACCTCATTTTAA and TCTCCAACATGCCTCTCTTCATC; manganese superoxide dismutase (Mn-SOD), CACATTAACGCGCAGATCATG and CCA-GAGCCTCGTGGTACTTCTC and tumor necrosis factor-a (TNF-a), AAATT-CGAGTGACAAGCCGTA and CCCTTGAAGAGAACCTGGGAGTAG.
Statistical analysis
Data were evaluated using the Student's t-test and differences were considered statistically significant at P , 0.05.
Results
UVB light induces oxidative stress and upregulates inflammatory markers in keratinocytes
In initial studies, we compared the effects of UVB light on intracellular hydrogen peroxide production in undifferentiated and differentiated keratinocytes. Both cell types were found to constitutively generate low levels of hydrogen peroxide ( Figure 1 ). UVB (25 mJ/cm 2 ) treatment resulted in a 10-to 20-fold increase in hydrogen peroxide production in both cell types. No major differences were observed between undifferentiated and differentiated cells. Previous studies have shown that COX-2, the rate-limiting enzyme in prostaglandin biosynthesis, and inflammatory cytokines such as TNF-a, IL-1b, IL-6 and IL-10 are upregulated by UVB in keratinocytes (24) (25) (26) (27) . This is considered part of the UVB response of skin (28) . Similarly, in mouse keratinocytes, UVB was found to markedly increase expression (25-to 35-fold) of COX-2 mRNA ( Figure 2 ) and protein ( Figure  3B ). In both undifferentiated and differentiated keratinocytes, this effect was dose dependent (2.5-25 mJ/cm 2 ). Differentiated cells were more responsive to UVB at the higher doses (15 and 25 mJ/cm 2 ) with respect to expression of COX-2 than undifferentiated cells. High expression of COX-2 protein was evident at low doses of UVB (2.5 mJ/ cm 2 ), possibly due to efficient mRNA translation. UVB caused 2-to 3-fold increases in TNF-a and IL-10 expression in both undifferentiated and differentiated cells (Figure 2 ). No differences were evident in TNF-a levels between the cell types, whereas at low UVB doses (2.5-5 mJ/cm 2 ), IL-10 expression was significantly greater in differentiated when compared with undifferentiated cells. UVB also resulted in 3-to 4-fold increases in IL-1b and IL-6 expression in both cell types (Figure 2 ). However, differentiation modulated UVBinduced expression of these two cytokines at the higher doses (15-25 mJ/cm 2 ); undifferentiated cells were more responsive with respect to IL-1b expression, whereas IL-6 levels were greater in differentiated cells.
Effects of UVB on expression of antioxidant enzymes
We next compared the effects of UVB on expression of antioxidant enzymes in undifferentiated and differentiated keratinocytes. UVB treatment was associated with increased expression of HO-1 mRNA ( Figure 4A ) in both cell types which was maximal at 15 mJ/cm 2 . Differentiated cells were more responsive to UVB than undifferentiated cells at the lower doses (2.5-10 mJ/cm 2 ). Both cell types also expressed HO-1 protein after UVB treatment, reaching maximal levels at 5-10 mJ/cm 2 ( Figure 3B ). As observed with HO-1 mRNA, expression of HO-1 protein was greater in differentiated when compared with undifferentiated cells. Interestingly, in both cell types expression of HO-1 protein was inhibited at the highest dose of UVB (25 mJ/cm 2 ).
In both undifferentiated and differentiated keratinocytes, UVB treatment (2.5-25 mJ/cm 2 ) also resulted in increased expression of GPx-1 and GSTA1-2 mRNA (Figures 4 and 5) . At doses .10 mJ/cm 2 , undifferentiated cells were more sensitive than differentiated cells with respect to GSTA1-2 expression ( Figure 5 ). GSTM1 mRNA expression was also induced by UVB, but only in undifferentiated cells ( Figure 5 ). In contrast, UVB significantly suppressed the expression of Mn-SOD, MT-2, GSTA3 and mGST3 in both cell types, whereas no major changes were observed in catalase, Cu,Zn-SOD, GSTP1, mGST1 or mGST2 (Figures 4 and 5) . Similarly, no alterations in catalase or Cu,Zn-SOD protein expression were evident ( Figure 3B) . Interestingly, constitutive levels of GSTA4 mRNA were 4-to 5-fold greater in differentiated when compared with undifferentiated cells. Moreover, whereas GSTA4 expression increased in undifferentiated cells after UVB treatment, it decreased in differentiated cells ( Figure 5 ).
Effects of UVB on MAP kinase activation in keratinocytes MAP kinases are important regulators of gene expression (29) . In further studies, the effects of UVB on these signaling molecules and their role in antioxidant gene expression was examined. Both undifferentiated and differentiated keratinocytes constitutively expressed total p38, JNK and ERK 1/2 MAP kinases ( Figure 3C ). p38 kinase and JNK expression levels were greater in differentiated relative to undifferentiated cells. Keratinocytes also constitutively expressed the activated phosphorylated forms of p38 and ERK 1/2 kinases, but not JNK. In both undifferentiated and differentiated cells, UVB (25 mJ/cm 2 ) enhanced the expression of activated phospho-p38 and JNK, but not ERK 1/2 MAP kinase ( Figure 3C ). Kinase activation was both rapid and prolonged with increased phosphorylation evident from 5 min to 1 h after UVB ( Figure 3D ). Greater amounts of activated p38 and JNK were evident in differentiated cells, following UVB treatment when compared with undifferentiated cells. To determine if these MAP kinases play a role in regulating UVB-induced alterations in expression of antioxidants, we used SB203580, a p38 kinase inhibitor, and SP600125, a JNK inhibitor. As shown in Figure  3E , these inhibitors effectively suppressed UVB-induced phosphorylation of the p38 kinase and JNK. In these studies, expressions of HO-1, GSTA1-2 and GSTA4, which are highly responsive to UVB, were analyzed. Both p38 and JNK inhibitors were found to suppress UVBinduced expression of HO-1, GSTA1-2 and GSTA4 in undifferentiated cells ( Figure 6 ). In these cells, the p38 inhibitor was more effective in suppressing HO-1 and GSTA4 expression, whereas the JNK inhibitor was more effective in blocking GSTA1-2. In differentiated cells, UVBinduced HO-1 expression was blocked by both p38 and JNK inhibition, whereas GST1-2 was only suppressed by the p38 inhibitor. Inhibiting p38 was more effective in suppressing HO-1 in these cells than inhibiting JNK. The p38 and JNK inhibitors were unable to reverse the inhibitory effects of UVB on GSTA4 in differentiated cells and, in fact, further suppressed expression of this enzyme ( Figure 6 ).
Discussion
Oxidative stress is recognized as an important factor contributing to the development of many cutaneous diseases including cancer (30, 31) . This is thought to be due to the production of ROI, which induce lipid peroxidation and generate oxidized DNA (6). Exposure to UVB and production of ROI are associated with oxidative stress in both intact skin and isolated keratinocytes (32) . The present study demonstrates that UVB treatment of mouse keratinocytes stimulates the production of hydrogen peroxide. However, no major differences were evident in the response of undifferentiated and differentiated cells, suggesting that the two cell types possess similar antioxidant capacity. This is supported by our findings that both undifferentiated and differentiated keratinocytes express generally similar levels of SOD, catalase and GPx-1 mRNA. In the skin, UVB-induced oxidative stress is associated with an inflammatory response (28) . Consistent with this, we found that in mouse keratinocytes, UVB induces expression of COX-2, a key enzyme regulating the production of prostaglandins, lipid-derived mediators known to contribute to the carcinogenic UVB and oxidative stress in keratinocytes process (33) . Expression for COX-2 was greater in differentiated when compared with undifferentiated cells treated with UVB. These findings are in accord with studies demonstrating suprabasal expression of COX-2 in UVB-treated human skin (25) . Increased responsiveness of differentiated keratinocytes to UVB-induced COX-2 may be due to increased signaling regulating COX-2 expression in these cells. In this regard, the present study shows that differentiated keratinocytes express increased levels of phospho-p38 and phospho-JNK, two MAP kinases known to regulate COX-2 in human keratinocytes (29) . TNF-a, IL-lb, IL-6 and IL-10 were also induced by UVB in both undifferentiated and differentiated keratinocytes, although no major differences were noted in their expression between the two cell types. Thus, regulation of cytokine and COX-2 expression is distinct in undifferentiated and differentiated keratinocytes. TNF-a, IL-lb, IL-6 and IL-10 are inflammatory cytokines known to regulate cellular responses to oxidative stress, in part, through upregulation of antioxidants (34) (35) (36) . Expression of these cytokines in keratinocytes may be important in protecting the cells from UVB-induced oxidative damage.
Following UVB treatment, HO-1 and GPx-1 increased in undifferentiated and differentiated keratinocytes. Lower doses of UVB were more effective in inducing HO-1 in differentiated cells. HO-1 expression is regulated by MAP kinases; increased activity of these kinases in differentiated cells may account for greater HO-1 expression. HO-1 is a stress protein and increases in its expression at lower doses of UVB may indicate that differentiated cells are more sensitive to UVBinduced oxidative stress (37) . Earlier studies have showed that HO-1 is induced by UVA with little or no effects of UVB except at very high doses (50-550 mJ/cm 2 ) (38,39). In contrast, our studies show that HO-1 mRNA and protein expression in keratinocytes is inhibited at higher doses of UVB. GPx-1 is an antioxidant that functions to reduce hydroperoxides to their corresponding alcohols utilizing glutathione. In contrast to HO-1, similar increases in expression of GPx-1 were noted in differentiated and undifferentiated cells after UVB. This may be due to distinct pathways regulating the expression of these antioxidants in the two cell types.
Interestingly, following UVB, MT-2 and Mn-SOD significantly decreased in both differentiated and undifferentiated keratinocytes. MT-2 functions to sequester metals such as zinc, important in its antioxidant activity (40) . Zinc and other heavy metals regulate the expression of MT-2, and it is possible that UVB interferes with this protein in keratinocytes. Yamada et al. (41) demonstrated that UV light blocks transcriptional activation of MT-2 in human skin-derived fibroblasts and a similar mechanism may also function in mouse keratinocytes. We also found that UVB had no effect on the expression of Cu,Zn-SOD in the cells. Cu,Zn-SOD and Mn-SOD are distinct gene products; Cu,Zn-SOD is localized in cytosolic and lysosomal cell fractions and in mitochondrial intermembraneous space, whereas Mn-SOD is concentrated in mitochondrial matrix and inner membrane (42) . Multiple SODs are important in protecting different intracellular compartments from superoxide, a radical that does not readily cross membranes. UVB damages mitochondria and this may trigger signals that reduce expression of Mn-SOD (43). The GST enzymes are comprised of a large superfamily of ubiquitous cytosolic and microsomal phase II detoxification enzymes that conjugate reduced glutathione to electrophilic compounds, decreasing their potential cytotoxicity. Cytosolic GSTs are divided into three major gene families, alpha (GSTA), mu (GSTM) and pi (GSTP), each with preferred substrates (44) . Although total GST activity increases significantly in skin following UVB exposure (45, 46) , there has been limited investigation on the involvement of GST isozymes in this cellular response. We found that GSTA1-2 and GSTA4 were upregulated by UVB in undifferentiated keratinocytes. These findings are in accord with previous studies, showing that GSTA4 expression is upregulated in response to oxidative stress induced by UVB (47, 48) and that overexpression of GSTA1 protects against hydrogen peroxideinduced oxidative stress (49) . GSTA and, to a lesser extent, GSTP, remove lipid peroxidation products, thereby breaking radical-forming chain reactions (50) . This activity is probably important in the antioxidant response of undifferentiated mouse keratinocytes to UVB. Of interest was our observation that the response of differentiated keratinocytes to UVB with respect to GSTA1-2 and GSTA4 expression was distinct. Thus, differentiated cells expressed greater constitutive levels of these cytosolic GSTs. This is consistent with the earlier work, showing that differentiated cells are more resistant to oxidant-induced stress (51) , and that the differentiation process itself results in an increase in GST activity (52) . GSTA1-2 also increased in differentiated keratinocytes in response to UVB, although the response was attenuated. In contrast, GSTA4 expression decreased following UVB treatment. The mechanism for differential responsiveness of these enzymes to UVB in undifferentiated and differentiated cells is not known. Previous studies have shown that GSTA4 regulates proliferation and protects against apoptosis (53) and it is possible that UVB-induced decreases in its expression promotes turnover of differentiated keratinocytes in the skin during oxidative stress. Also of note was our observation that expression of GSTM1, which protects against protein oxidation, initially declined in response to UVB and then increased. Greater increases in GSTM1 were observed in undifferentiated cells. GSTM1 catalyzes the conjugation of electrophiles to reduced glutathione (GSH) and may be important in protecting basal cells from cellular oxidative damage (44) . GSTA3, which is involved in steroid biosynthesis, as well as GSTP1, which removes DNA and protein oxidation products (50) , were unaffected by UVB. Although expressed in keratinocytes, it appears that these enzymes are not involved in the UVB response to oxidative stress. mGSTs are enzymes that play a role in protection against microsomal lipid peroxidation (54) . Although expression of mGST1 and mGST2 were not significantly altered by UVB, expression of mGST3 was markedly reduced in both undifferentiated and differentiated keratinocytes. mGST3 is involved in synthesizing leukotriene A 4 , a proinflammatory lipid mediator, and UVB-induced decreases in its expression may regulate the resolution of inflammation (50) .
It is well recognized that ROI can activate a number of signaling pathways controlling gene expression (32, 42, 55) . This is thought to occur by direct or indirect activation of growth factors or growth factor receptors via a process referred to as 'the UV response' (56). This response was initially characterized with respect to activation of UVB and oxidative stress in keratinocytes the immediate early genes, c-fos and c-jun and the transcription factors nuclear factor-kappa B and AP-1 (57, 58) and is regulated by members of the MAP kinase family. In mouse keratinocytes, only p38 and JNK MAP kinases were activated by UVB. This is in accord with responses observed in PAM212 mouse keratinocytes (18) and human keratinocytes (59) . Interestingly, greater amounts of constitutive expression of total and activated forms of JNK and p38 MAP kinase were noted in differentiated cells. Increases in activated JNK have been described previously in suprabasal layers of human skin (60) . This may be due to increased sensitivity of the differentiated cells to autocrine growth factor activation or a requirement for JNK in the regulation of gene transcription in differentiating keratinocytes (61) . A variety of additional growth factors including activators of MAP kinase signaling have been identified in primary mouse keratinocytes as well as in mouse skin (62, 63) . Activation of MAP kinases promotes differentiation (61) , although the mechanisms mediating this effect remain to be determined.
Studies using MAP kinase inhibitors demonstrated that JNK and p38 regulate keratinocyte expression of HO-1, GSTA1-2 and GSTA4. Moreover, with respect to expression of the GST's, differentiation appears to regulate cellular responsiveness to the kinase inhibitors. Previous studies have shown that both the p38 and JNK MAP kinases regulate expression of HO-1 (64) . The fact that inhibition of p38 was more effective than JNK in suppressing UVB-induced HO-1 suggests that this kinase plays a more prominent role in regulating expression of this antioxidant. A similar pattern of inhibition was noted in the regulation of GSTA4 in undifferentiated cells. In this regard, p38 is known to regulate GSTA4 in murine hepatocytes stimulated with epidermal growth factor (65) . In contrast, JNK appeared to play a more prominent role in regulating GSTA1-2 expression in undifferentiated cells. These data indicate that regulation of expression of these antioxidants in the cells occurs via distinct mechanisms. Although p38 and JNK inhibitors did not reverse the suppressive effects of UVB on GSTA4 in differentiated keratinocytes, only p38 inhibition was able to inhibit UVB-induced GSTA1-2 in these cells. Thus, it appears that the differentiation process alters the mechanisms by which UVB modulates expression of the GSTs. These data are consistent with studies showing that keratinocyte differentiation is associated with alterations in expression of a variety of transcription factors including AP-1, SP-1 and peroxisome proliferator-activated receptor (PPAR-c) (66, 67) .
In summary, our data demonstrate that UVB light induces oxidative stress in primary cultures of mouse keratinocytes by increasing the production of ROI and inflammatory mediators and enhancing the activity of p38 and JNK MAP kinases. This leads to increased expression of critical antioxidant enzymes including HO-1, GPx-1, GSTA1-2, and, in undifferentiated cells, GSTA4. In contrast, UVB also reduced expression of Mn-SOD, MT-2, GSTA3 and mGST3. GSTA4 also decreased in differentiated cells. Whether or not these responses protect the skin from UVB will depend on the levels of expression of functional proteins for these enzymes in the different cell types and their precise roles in regulating oxidative stress and/ or repairing cellular damage. Recent studies have shown that UVB-induced DNA photoproducts are also critical mediators of skin cell damage (68) . Further studies are needed to determine the precise role of DNA photoproducts versus oxidative stress in initiating the carcinogenic process. A.T.Black et al.
